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(54) Differential amplifier circuit 



(57) A differential amplifier circuit having an 
improved transconductance linearity, which includes a 
first to fourth unbalanced differential pairs of MOS tran- 
sistors. In each differential pair, a ratio (W/L) of a gate- 
width W and a gate-length L of one transistor is different 
from that of the other transistor. Gates of the transistors 
having smaller ratios of the first and third pairs and 
gates of the transistors having larger ratios of the sec- 
ond and fourth pairs are coupled together to form one of 
differential input ends. Gates of the transistors having 
larger ratios of the first and third pairs and gates of the 
transistors having smaller ratios of the second and 
fourth pairs are coupled together to form the other of the 
input ends. Drains of the transistors having smaller 
ratios of the first and second pairs and drains of the 
transistors having larger ratios of the third and fourth 
pairs are coupled together to form one of differential 
output ends. Drains of the transistors having larger 
ratios of the first and second pairs and drains of the 
transistors having smaller ratios of the third and fourth 
pairs are coupled together to form the other of the out- 
put ends. 
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Descripti n 

The present invention relates to a differential amplifier circuit and more particularly, to a differential amplifier circuit 
to be formed on Complementary Metal Oxide Semiconductor (CMOS) integrated circuits or on bipolar integrated cir- 
5 cults, which has an improved transconductance linearity. 

Fig. 1 shows an example of conventional differential amplifier circuits with a CMOS structure whose transconduct- 
ance linearity is improved. 

The differential amplifier circuit shown in Fig. 1 is composed of a first differential pair of MOS transistors Ml 1 and 
M12 which are driven by a constant current source 51 (current: Iq) and a second differential pair of MOS transistors M13 

10 and M14 which are driven by a constant current source 52 (current: alo, a^'^'l). The transistor Ml 1 has the same ratio 
(W/L) between its gate length L and gate width W as that of the transistor M12. the transistor M13 has the same ratio 
( W/L) between its gate length L and gate width W as that of the transistor M 1 4. When the transconduaance parameters 
of the transistors M 11 and M 1 2 are both defined as p. the transconductance parameters of the transistors M 1 3 and M 1 4 
are bp where b^l , respectively 

75 The transconductance parameter p is expressed as 

p = ^(Cox/2)(W/L) (1) 

where \i is the effective surface carrier mobility and Cqx 'S a gate-oxide capacity per unit area. 
20 In Fig. 1 , the gates of the transistors M 11 and Ml 4 coupled together and the gates of the transistors M 1 2 and M1 3 

coupled together form differential Input ends of the differential amplifier circuit. An input voltage is applied to the dif- 
ferential input ends. 

The drains of the transistors M1 1 and M13 coupled together and the drains of the transistors M1 2 and Ml 4 coupled 
together form differential output ends of the differential amplifier circuit. 
25 The sources of the transistors Mil and Ml 2 are connected in common to the constant cunrent source 51 and the 
sources of the transistors Ml 3 and Ml 4 are connected in common to the constant current source 52. 

Assuming that the transistors M1 1 , M12. M13 and M14 are operating at their saturation regions, drain currents 1^1^ 
and Idi2 of the transistors Mil and M12are respectively expressed as the following equations (2-1] and (2-2) using the 
transconductance parameter p. the threshold voltage Vjh of the transistors M11. M12. M13 and Ml 4 and gate-source 
30 voltages Vqsh and Vgsi2 oi the transistor Ml 1 and Ml 2. 

ld11=P(VGS11-VTH)^ (2-1) 



35 



40 



55 



'd12 = P(VGS12-VTH)' (2-2) 

The drain currents ldi i and l^^a satisfies Itie relationship as I + I j]^2 = ' o ■ 

Accordingly, the difference of the drain currents 1^1 1 and i(j^2 given as the fbllowing equations (3-1),(3-2) and (3- 

3). 

I<i11- ldi2'P^in V(2VP)-»^^ (IVJ^ TT^p) (3-1) 

l<i11-lc,12 = loi^in^ Jl^) (3-2) 

1^11- 1^12-- 'o^^m^-JUP) (3-3) 



45 

In the equations (3-1), (3-2) and (3-3). the input voltage Vjp satisfies the expression as Vj^ = Vqq^^ - Vqq^2 • 
Drain currents Idia and Idu of the transistors M13 and M14 can be expressed as equations similar to the equations 
(2-1 ) and (2-2). respectively Here, the drain currents l^is and satisfies the relationship ais I + I » al q , so that 
the difference of the drain currents Icii3 and 1^14 is expressed as the following equations (4-1). (4-2) and (4-3), where 
50 a<(ayb)<1 . 

■ /c^4 = ^ P ^in J(2aloV{bp)-vl (I ^ ^{afoVW)) (4-1) 

fd3 - = a /o (I ^ JialoVm)) (4-2) 

/rf3 ■ /<y4 = - a lo ^ - J(a/o)/(£3P)) (4-3) 

The differential output current Al of the differential amplifier circuit shown in Fig. 1 is given as the following equa- 
tions (5-1). (5-2) and (5-3). 
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(5-1) 



5 



- - P V/^n [ 7(2 VP) - - b^{2alQ)l(bp) - Vl ] (I ^ 7(2a/o)/{£?P) ) 



(5-2) 



A / = (1 - a)/o sgn( V,.„) (|\/,^| ^ 777P) 



(5-3) 



70 



The differential output current Al shown as the equations (5-1). (5-2) and (5-3) is differentiated by the input voltage 
Vjn. To make the transconductance substantially constant in the equations (5-1 ). (5-2) and (5-3). the values of the equa- 
tion obtained by the differentiation when Vj^ = 0 and IVj^l = {(alo)/(bp)} are required to be equal to each other. 
Therefore, tiie following relationship has to be satisfied as 



Fig.2 shows the transconductance characteristics of the conventional differential amplifier circuit shown in Fig, 1 
witii the constants a and b as parameters. In Rg. 2, it is seen that the fluctuation of the transconductance is limited to 
20 3 % or less in tine input voltage range of |Vjnl^0.7(lo/p)^^^. 

Fig. 3 shows another example of the conventional differential amplifier circuits whose transconductance is good in 
linearity, which is disclosed by A, Nedungadi and T R. Viswanathan in IEEE TRANSACTIONS ON CIRCUITS AND 
SYSTEfi/IS. Vol. CAS-31. No. 10. pp. 891-894, October 1984. entitied "Design of Unear CMOS transconductance Ele- 
ments". 

25 In this paper, they supposed that when the gate lengths of two MOS transistors forming each unbalanced differen- 

tial pair were equal to each other, the differential amplifier circuit which are composed of two of the unbalanced differ- 
ential pairs whose output ends are cross-coupled would have improved linearity of the transconductance if a ratio of the 
gate widths of the MOS transistors forming each unbalanced dtfferentiai pair were larger. Then, they obtained a conclu- 
sion through the SPICE simulation in which the ratio of the gate widths are 10 and 20 that the ratio of the gate widths 

30 was required to be 10 or more. 

Additionally, they thought that tiie above-mentioned condition is not practical since such a large ratio as 10 or 
more leads to a large chip area. Therefore, they proposed the differential anrplifier circuit shown in Fig. 3. 

In Fig. 3. tiiere is provided a "Cross-Coupled Quad Cell" formed of MOS transistors M21 , M22. M23 and M24 as a 
squaring circuit thereby to improve the transconductance linearity of a balanced differential pair formed of MOS transis- 

35 tors M26 and M27 having tiie same gate-width to gate-length ratio (W/L). 

The MOS transistors M21 and M22 compose a first differential pair and the MOS transistors M23 and M24 com- 
pose a second differential pair. The first differential pair is driven by a constant current source 61 which is connected to 
the common-connected sources of the transistors M21 and M22 and generates a constant curent (n+1)l. The second 
differential pair is driven by a constant current source 62 which is connected to the common-connected sources of the 

40 transistors M23 and M24 and generates a constant cun-ent (n+l)l. 

The transconductance parameters of the transistors M21 and M22 are Kq and those of the ti^nsistors M23 and M24 
are n times as much as Kq, or nkQ. The MOS transistor with the transconductance parameter nko is generally realized 
by n in number of the unit fransistors with tiie transconductance parameter ko which are connected in parallel. 

The MOS transistors M26 and M27 whose sources are connected in common at a point B compose a differential 

45 pair, which is driven by a constant current source 63 generating a constant current a I. The constant current source 63 
is connected to the differential pair at the point B and generates a constant current al. The transconductance parame- 
ters of the transistors M26 and M27 are ko- 

The gates of tiie transistors M26, M21 and M23 are coupled together to be applied witii a first input voltage . The 
gates of the transistors M27. M22 and M24 are coupled together to be applied with a second input voltage 

so The drains of the transistors M23 arxJ M24 are connected in common to a voltage source (voltage: V*^). The drains 
of the transistors M21 and M22 are coupled together at a point A, and between the drains thus coupled together and 
the voltage source, there is provided with a constant current source 64 which generates a constant current a I. An MOS 
transistor 25 whose drain and gate are connected to each other is provided between the points A and B. The transistor 
M25 serves as a current level shifter for shifting the current level at the point A to that at the point B. 

55 MOS transistors M28 and M29 compose a current minor circuit serving as an active load of tiie differential amplifier 
circuit. An output current i of tiie differential amplifier circuit is derived from the drain of the transistor M29. 

In the conventional differential amplifier circuit shown in Fig. 3. in tiie range of |x|^{n+1) where V ^ - V g = v and 
X = v/(l/ko) , the drain current 1d2i. b22. '023 and Id24 of the ti-ansistors M21. M22, M23 and M24 are expressed as 
the following equations (7-1). (7-2). (7-3) and (7-4), respectively. 
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1 = (b • b "^)/a 



1/2 



(6) 
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lD2i=l[1+Yx'+(a/2)x(1-px^)''^l (7-1) 
lD22='n+Yx'+(a/2)x(1-px2)^'2j 

5 lD23=l[n-Yx'+{a/2)x(1-px') ''^] (7-3) 

I D24=»In-TX^-Kay2)x(1.px') (7-4) 

In the equations (7-1 ). (7-2). (7-3) and (7-4). a, p and y are defined as the following expressions (8-1 ), (8-2) and (8- 
10 3), respectively. 

a=4n/(n+1) (8-1) 



15 



p=n/(n+1)^ (8-2) 
Y=n(n-1)/(n+1)^ (8-3) 



20 



25 



The drain current Id2i , 1d22. 'd23 Id24 and the constant currerrts (n-i-1 )l of the current sources 61 and 62 satisfy 
the following relatior^hip as 

' D21 + * D24 = * D22 + ' 023 = 

Accordingly, the sum (Iq2i + I022) *he drain currents I021 b22 c^" be expressed as the following equation 
(10) and the drain currents Id25 of the transistor M25 can be expressed as the following equation (1 1 ). 

Id2i +Id22 =2l[1+YX^l = 2l + {2n(n-1)/(n+1)2}lx2 (10) 

lD25=al-(lD21+lD22) C*"") 

30 Here, the current of the balanced differential pair of the transistors M26 and M27 is defined as Iq. then the output 
current is expressed as the following equation (12). 

* = Id6 • < 07 = k'V {2lo/k') - V^}^'^ (|v|^(lo/k') (12) 

35 The current Iq satisfies the relationship as 

lo=a»->D5 = »D1+'D2 



40 



= 21 + [{2Kn(n-1 ))/(n+1 ) ^]v ^ 
Thus, if the equation (13) is substituted into the equation (12), the output current i can be expressed as 



45 



MT 2n ( n - 1 )/Cn 2 

If the relationship between kg and k' is selected as the following expression (15). the output current i is obtained as 
the following equation (16). 

k' = {2n(n-1)/(n+1)^}ko (15) 
i^ZvJJk' (16) 



55 272n(n.1) Ik^ 

= -r-i : V 

n + 1 

It is seen from the equation (16) that the differential amplifier circuit shown In Fig. 3 has a very good transconduct- 
ance linearity. 
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Fig. 4 shows still another exannple of the conventional differential amplifier circuits to be formed on bipolar inte- 
grated circuits, which is disclosed by M. Kbyama, H. Tanimoto and S. Mizoguchi in IEEE 1989 Custom Integrated Cir- 
cuits Conference, pp. 25.2.1 - 25.2.4, entitled "10.7 MHz Continuous-Time Bandpass filter Bipolar IC". 

In Fig. 4. bipolar transistors Q11 and Q12 compose a first differential pair which is driven by a constant current 
5 source 71 (current: Iq). Emitters of the transistors Ql 1 and Q12 are connected in common to the current source 71 . 
Bipolar transistors Q13 and Q14 compose a second differential pair which is driven by a constarrt current source 72 
(current: Iq). Emitters of the transistors Q13 and Q14 are connected in common to the current source 72. 

Collectors of the transistors Ql 1 and Q13 coupled together and collectors of the transistors Q12 and Q14 coupled 
together form differential output ends of the differential amplifier circuit Bases of the transistors Ql 1 and Ql 2 form dif- 
10 ferential input ends of the differential amplifier circuit to be applied with an input voltage Vjp. 

A direct current (DC) voltage source 73 (Voltage: VjJ is provided between the bases of the transistors Ql 1 and Q13 
and a DC voltage source 74 (Voltage: V^) is provided between the bases of the transistors Q14 and Q12. Thus, bias 
voltages V^ are respectively applied to the bases of the transistors Q12 and Q13 with their negative ends at the bases 
of the transistors Ql 1 and Q1 4. 
15 An electric current (emitter current) Ig of a p-n junction diode forming a bipolar transistor can be expressed by the 

following equation (17), where Iq is the saturation current, kg is Boltzmann's constant, q is the unit electron charge. Vg^ 
is a base-to-emitter voltage of the transistor and T is absolute temperature. 



20 
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lE = 's[exp{(qVBE)/(kBT)}-1] (17) 

Here, if the thermal voltage Vj is defined as Vj = kT/q , as Vqe » Vy, when Qxp{\/^^Nj) »1 in the equation (17), 
the emitter current Ig can be approximated as follows; 

lE = l3exp(VBE/VT) (18) 

As a result, collector currents Id i and Id 2 of the transistors Ql 1 and Q12 can be obtained as follows: 
Base-to-emitter voltages of the transistors Ql 1 and Q12 are expressed as 

Vbeii =VTln(ldi/ls) (19-1) 
and 

VBgi2=VTln(ld2/»s) (19-2) 

35 Here, the difference between the voltages Vbei 1 and Vbe-|2 's defined as V^ , or V 1 BB^^'^^ ^ • "Then, the 
sum of the collector currents Id 1 and Ida is expressed as I ^ + I ^12 = <^ f' e where ap is the DC common-base cur- 
rent gain factor. Therefore, the collector currents leu and I012 cai^ be given as the following equations (20-1) and (20- 
2), respectively. 

40 ldi=(«F loK{1+exp(-V,/VT-)} (20-1) 

>ci2=(«F lo)/{1+exp(Vi/V^)} (20-2) 
From the equations (20-1) and (20-2), the difference Al-j between the collector currents 1qii and Id 2 is given as 

^'1 = 'ci1 ■ ' C12 * ^F 

lotanh(V^/(2VT)} (21) 

The transconductance Gr^i is expressed by differentiating the difference Al^ by the voltage V^ as the following 
equation (22). 

G^, = d(Al ,)/dV, = {(aplo)/(2VT)}[1/{cosh2(Vi/(2VT.)))] (22) 



45 
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In the equation (22). the difference V^ between the base-to-emitter voltages Vb^^^ and Vbei2 is defined as 
V 1 = V j„ - V J, where V}< is the offset bias voltage described above. 
55 With the second differential pair of the transistors Q13 and Q14. similarly, the difference AI2 between the collector 
currents Ids and Iqm of the transistors Q13 and Q14 can be expressed as the following equation (23). 

AI2 = *ci3 - Ici4 = «F lo tanh{V2/(2V^)} (23) 
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In the equation (23), the difference V2 between the base-to-emitter voltages Vg^is and ^8514 defined as 
V2=V,„-V^,so that the sum Al of the current differences Al^ and Alg can be given by the following equation (24). 

AUAI^ + Alg (24) 
5 = o pi 0 [tanh{(V ,„ - V k)/(2V j)] + tanh{(V ,„ + V kV(2Vt)}] 

The sum of the transconductances Gn,i and G^a of the first and second differentiai pairs can be given by the 
following equation (25). 

JO = G,i + 



= d(AI,)/dVi„ + d(Al2)/dVj„ 
= £(apIo)/(2V,)} X 

C[i/coshn(Vi„ - VJ/(2V^)}] + Cl/cosh*{(Vi„ + VJ/(2Vt)}]D 

20 

(25) 

The transconductance G^i in the equation (22) shows the maximally flat characteristic when = 13137 Vj. Rg. 
5 shows the transconductance characteristics of the differential amplifier circuit. It is seen from Fig. 5 that the fluctuation 
25 of the transconductance is limited to -1 % or less when IVjpl ^ Vj. 

The conventional differential amplifier circuits described above have the following problems. With the differential 
amplifier circuit shown in Fig. 1 . since the circuit has the transconductance fluctuation about 3 %. it cannot be employed 
to applications requiring the fluctuation less than 3 %. which means that application fields of the circuit is narrow. In 
addition, since the differential output current is expressed as the difference between the drain current difference, the 
30 current efficiency with respect to the driving currents is low. 

With the conventional differential amplifier circuit shown in Fig. 3, the differential pair composing the squaring circuit 
is realized by an MOS transistor with the transconductance parameter Kq and n in number of the MOS transistors with 
the transconductance parameter ko which are connected in parallel. ITierefbre. the chip occupation area is expanded 
and the current consumption increases due to a large number of elements. 
35 For example, choosing k' = kQl2 in the equation (15), we get n = 1 + 2/3''^ ^ 2.155. Therefore, to obtain a very 
good transconductance linearity, each of the untalanced differential pairs must be composed of 431 in number of unit 
transistors and 200 in number of the unit transistors, which requires a very large chip occupation area. Thi^, the con- 
ventional differential anrplif ier circuit shown in Fig. 3 is not practical. 

With the differentiai anplifier circuit shown in Fig. 4, the input voltage range is not wide to be satisfied. 
40 Accordingly, an object of the present invention is to provide a differential amplifier circuit in which an improved 
transconductance linearity can be obtained and its circuit configuration is simple without enlarging its circuit scale. 

Another object of the present invention is to provide a differential amplifier circuit in which the current efficiency can 
be improved. 

Still another object of the present invention is to provide a differential amplifier circuit which has a substantially lin- 
45 ear transconductance in a wider range than the conventional one. 

These objects are achieved by the features of the independent claims. 

A differential anplifier circuit according to a first aspect of the present invention includes a first differential pair of 
first and second transistors, a second differential pair of third and fourth transistors and a third differerttial pair of fifth 
and sixth transistors. 

so Bases of the first and fifth transistors coupled togetiier and bases of the fourth and sixth transistors coupled 
together form differential input ends. Collectors of the first, third and fifth transistors coupled together and drains of the 
second, fourth and sixth transistors coupled together form differential output ends. 

A first DC voltage is applied across the bases of the first and third transistors and a second DC voltage is applied 
across the bases of the second and fourth transistors. 

55 With the differential amplifier circuit of the first aspect, the input voltage is cipplied across the input ends of the first 
differential pair together witii the second DC voltages as an offset bias voltage, the input voltage is applied across tiie 
input ends of the second differential pair together with the first DC voltages as an offset bias voltage, and the input volt- 
age is applied directly across tiie input ends of tiie third differential pair. 

Therefore, an improved transconductance linearity can be obtained and as a result, the input voltage range can be 
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expanded. 

Additionally, improved high-frequency characteristics can be given since each differential pair Is formed of two min- 
imum unit transistors. 

A differential anriplrfier circuit according to a second aspect of the present invention includes a first differential pair 
5 of first and second transistors, a second differential pair of third and fourth transistors, a third differential pair of fifth and 
sixth transistors, and a fourth differential pair of seventh and eighth transistors. 

Bases of the first and fifth transistors coupled together and bases of the fourth and eighth transistors coupled 
together form differential input ends. Collectors of the first, third, fifth and seventh transistors coupled together and col- 
lectors of the second, fourth, sixth and eighth transistors coupled together form differential output ends. 
10 A first DC voltage is applied across the bases of the first and third transistors, a second DC voltage Is applied 
across the bases of said second and fourth transistors, a third DC voltage is applied aaoss the bases of the fifth and 
seventh transistors, and a fourth DC voltage is applied across the bases of the sixth and eighth transistors. 

With the differential amplifier circuit of the second aspect the input voltage is applied across the input ends of the 
first differential pair together with the second DC voltages as an offset bias voltage, the input voltage is applied across 
75 the input ends of the second differential pair together with the first DC voltages as an offset bias voltage, the input volt- 
age is applied across the input ends of the third differential pair together with the fourth DC voltages as an offset bias 
voltage, and the input voltage is applied across the input ends of the fourth differential pair together with the third DC 
voltages as an offset bias voltage. 

Therefore, similar to the circuit of the first aspect an improved transconductance linearity can be obtained and as a 
20 result, the input voltage range can be exparxled. 

Additionally, improved high-frequency characteristics can be given since each differential pair is formed of two min- 
imum unit transistors. 

Fig. 1 is a circuit diagram of a conventional differential amplifier circuit. 

Fig. 2 shows a transconductance characteristic of the conventional differential amplifier circuit shown in Fig. 1 . 
25 Fig. 3 is a circuit diagram of another conventional differential amplifier drcuit- 

Fig. 4 is a circuit diagram of still another conventional differential amplifier circuit. ' 

Fig. 5 shows a transconductance characteristic of the conventional differential amplifier circuit shown in Fig. 4. 

Fig. 6 is a circuit diagram of a first differential anrtplifier circuit. 

Fig. 7 shows a transconductance characteristic of the differential amplifier circuit shown in Fig. 6. 
30 Fig. 8 is a circuit diagram of a second differential amplifier circuit. 

Fig. 9 shows a transconductance characteristic of tiie differential amplifier circuit shown in Fig. 8. 
Fig. 10 is a circuit diagram of a third differential amplifier circuit. 

Fig. 1 1 shows an output characteristic of the differential amplifier circuit shown in Fig. 10. 
Fig. 12 shows a transconductance characteristic of the differential amplifier circuit shown in Fig. 10. 
35 Fig. 1 3 is a circuit diagram of a differential amplifier circuit according to a first enribodiment of the present invention. 
Fig. 14 shows a transconductance characteristic of the differential amplifier circuit shown in Fig. 13 in which Vk = 
2.634 Vt and(1/a) = (4/3). 

Fig. 15 shows a transconductance characteristic of the differential amplifier circuit shown in Fig. 13 in which = 
2.06344 Vj and (1/a) = 1.5625. 
40 Fig. 16 is a circuit diagram of a differential amplifier circuit according to second emtxxjiment of the present inven- 
tion. 

Fig. 17 shows a transconductance characteristic of the differential amplifier circuit shown in Fig. 16 in which Vki = 
1 .2 Vy. Vk2 = 3.834 Vj and a = 1.3. 

Fig. 18 shows a transconductance characteristic of the differential amplifier circuit shown in Fig. 16 in which = 
45 0.7081 4 Vj. = 2.59546 Vj and (1/a) = 1 ,82532. 

The embodiments, which will be described below referring to Figs. 6 to 12 are claimed and described in the parent 
application EP 93 1 1 9773.5 

Fig. 6 shows a first differential amplifier circuit. 

In Fig. 6, N-channel MOS transistors Ml and M2 compose a first differentia! pair which is driven by a constant cur- 
50 rent source 1 whose current value Is Iq. N-channel MOS transistors M3 and M4 compose a second differential pair 
which is driven by a constant current source 2 whose current value is Iq. The first and second differential pairs form a 
first connbined differential pair 

fvl-channel MOS transistors M5 and M6 compose a third differential pair which is driven by a constant current 
sourc" 3 whose current value is al© where a =^ 1 . N-channel MOS transistors M7 and M8 compose a fourth differential 
55 pair which is driven by a constant current source 4 whose current value Is alo- The third and fourth differential pairs form 
a second combined differential pair. 

In the first combined differential pair, a ratio (W/L) of a gate-width W and a gate-length L of the transistor M2 is K 
times as much as that of tiie transistor Ml where K =^ 1 . A ratio (W/L) of the transistor M3 Is K times as much as that of 
the transistor M4. The ratios (W/L) of the transistors Ml and M4 are equal to each other 
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Gates of the transistor Ml whose relative ratio is 1 and the transistor M3 whose relative ratio is K are cotpled 
together and gates of the transistor M4 whose relative ratio is 1 and the transistor M2 whose relative ratio is K are cou- 
pled together. Drains of the transistors Ml and M4 whose relative ratios are 1 are coupled together and drains of the 
transistors M2 and M3 whose relative ratios are K are coupled together. 

5 In the second conibined differential pair, a ratio (W/L) of a gate-width W and a gate-length L of the transistor M6 is 

K' times as much as that of the transistor M5 where K' * 1 . A ratio (W/L) of the transistor M7 is K* times as much as that 
of the transistor MB. The ratios (W/L) of the transistors M5 and MS are equal to each other. 

The ratios (W/L) of the transistor M5 and MS are b times as much as those of the transistors Ml and M4 where b' 
^ 1 . Therefore, the ratios (W/L) of the transistors M6 and M7 are KtJ times as much as those of the transistors Ml and 

^o M4. 

Gates of the transistor M5 whose relative ratio is 1 and the transistor M7 whose relative ratio is are coupled 
together and gates of the transistor MB whose relative ratio is 1 and the transistor M6 whose relative ratio is K* are cou- 
pled together. Drains of the transistors M5 and MB whose relative ratios are 1 are coupled together and drains of the 
transistors M6 and M7 whose relative ratios are K' are coupled together. 
/5 The gates coupled of the transistors Ml and M3 and the gates coupled of the ti-ansistors M5 and M7 are coupled 
together to form one of differential input ends. The gates coupled of the transistors M2 and M4 and the gates coupled 
of the transistors M6 and MB are coupled together to form the other of the differential input ends. An input voltage Vjn 
is applied across the differential input ends thus formed. 

The drains coupled of the transistors Ml and M4 and the drains coupled of the ti-ansistors M6 and M7 are coupled 
20 together to form one of differential output ends. The drains coupled of tiie transistors M2 and M3 and the drains coupled 
of tiie transistors M5 and MB are coupled together to form the other of the differential output ends. 

In Fig. 6, p indicates the transconductance parameters of tiie transistors M 1 and M4. The transistors M 1 to MB have 
the transconductance parameters as shown in Fig. 6, respectively. 

Next, the operation of tiie differential amplifier circuit is shown below, 
25 In the first combined differential pair formed of the transistors M1 to M4, when gate-to-source voltages of the tran- 
sistors Ml . M2. M3 and M4 are expressed as Vqsi. Vgs2. ^gss ^rrd Vgs4 respectively, the tiireshold voltages of the 
transistors are as Vth. drain cun-ents lddi . IdE. Id3 and 1^4 of the transistors Ml . M2. M3 and M4 can be expressed as 
the following equations (26-1). (26-2). (26-3) and (26-4), respectively 



35 



•di =P(Vqsi-Vth)' 


(26-1) 


d2 = Kp(VQS2-VTH)' 


(26-2) 


d3 = Kp(VQS3-VTH)' 


(26-3) 


ld4 = P(VGS4-VTH)' 


(26-4) 



The drain currents Id^i , \^%. Ida and (^4 and the constant currents Iq of the current sources 1 and 2 have the following 
relationship (27) and tiie gate-to-source voltages N/qs-, , Vqs2« ^gss and Vgs4 and the input voltage Vjn have tiie follow- 
40 ing relationship (28). 

Id1+ld2 = ld3+ld4 = l0 (27) 
VGSl-VGS2=VGS4-VGS3 = Vin (28) 

45 

Therefore, the difference of the drain currents Id^i and I<i2 are given as the following expressions (29-1), (29-2) and 
(29-3), and the difference of the drain currents Idcj3 and 1^4 are given as the following expressions (30-1), (30-2) and (30- 
3). 

50 
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10 



20 



25 



30 



_ , {i - } [d ^ (i/jOIIq - 2pt4 } 
■ ^' ~" {1 . (i/iOP 



^ P7^(4/v/?) ^{l i (l/iQ} (Jq/P) - . (29-1) 

{ 1 + (i/ir)P 

("VVT < < /OTP!) 



'5 /„, - = /o ( S y7^7(Kp)) (29-2) 

'dr-/</2 = -'o(^/n=S-VVP) (29-3) 



il-dlK)} [{ 1 + (1/JOlo - 2^VI,}] 



(iMi/iO)' 

^ py,,(4/v^V^{iMi/ii:)}(VP) -1^ ^ 

{l+d/iOP (30-1) 



35 '<o-'c/4 = -'o(V'/„^-VWP)) (30-3) 

Accordingly, the d'rflerential output current Al^ of the first combined differential pair is given as the following expres- 
sions (31-1), (31-2) and (31-3). 

40 



SO 
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{i + d/jf))" 



55^(1^10) (31-2) 



1+(1/^ ^ 



A/i = 2/0 sgn(\/,„) (I 77^) (31-3) 

Differentiating the differential output current Al^ in the expressions (31-1 ), (31 -2) and (31 -3) by the input voltage Vjn 
leads the transconductance as shown in the following expressions (32-1), (32-2) and (32-3). 



<eP 0809351A2 I .> 
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10 



15 



20 



25 



V'jiiUil/miJ^)] (32-1) 



^Jl^[vi/[■{l^{l/IC|}{I,/^) ] 



] 



4/[(iMi/iO}(io/P)] 

4{l-{l/ii:)P7., 



{i+(i/iO}^ 

-^=0(H/J^777p) (32-3) 

Similarly, in the second combined differential pair formed of the transistors M5 to M8, the differential output current 
AI2 of the second combined differential pair is given as the following expressions (33-1). (33-2) and (33-3) and the 
40 transconductance is given as the following expressions (34-1). (34-2) and (34-3). 



45 
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55 
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f , / ~" (33-1) 



10 



{\VJ i ^[aI,)/{K'bfi)) 



15 



20 



(n-d/iT^)} 

30 

A/g = 2a/o S5f/7(\/,^) (I JaloKbp)) (33-3) 
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d{il,) 



_ ^inlUl^{HK')){{aI,)im)] ^ 
^Jl^[v\J{l^{l|Kf)){{aI,)|{l^))] 



(34-1) 
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dV, 



in 



(iir^i) v/r+F 



[ s/l-[vjJ[ii^{l/K^)K{al,)/m}] 



] 



(34-2) 



yjl^ [V'ij [ilHl/K')}{{aI,) / [b^)} 

^ {i + (i/ir^)P 



(34-3) 



The differential output current Al of tlie differential amplifier circuit shown in Fig. 6 is given by At = Al - Al ^ , and 
its transconductance is given by {d(AI)/dV|n} as shown in the following expression (35). 



d{AI)/dVi„ - {d(AI,)/dVJ - {d{Al2)/dVi„} 



(35) 



Fig. 7 shows the transconductance characteristics thus obtained in which K, K', a and b are used as parameters. It 
is seen from Fig. 7 that the transconductance curve shows a ripple at its each side when K s 1 .5. K' = 2.0. a = 0.387 
and b = 0.478 in the input voltage range of 0.7(lo/p)^^^|V|n|. It is also seen from Fig. 7 that the transconductance curve 
shows an about 1 .6 % ripple at its each side when K = 2.0. K' = 2.0, a = 0.473 and b = 0.739 in the input voltage range 
of0.57(lo/p)^'2^|Vi„|. 

Thus, the transconductance linearity of the differential amplifier circuit of the first embodiment can be drastically 
improved over the prior art. 

In addition, it is seen from Fig. 7 that the current efficiency of the circuit can be increased. 

With the second combined cfifferential pair, in the first embodiment, the relative ratios of the transistors M5 and M6 
and those of the transistors M7 and MB are both K', their transconductance parameters are each b times as much as 
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those of the first combined differential pair, and the current values of the constant current sources 3 arxi 4 are a times 
as much as those of the constant current sources 1 and 2. Howey/er. these values of K7, a and b can be set appropri- 
ately to obtain various desired characteristics. For example, K' may be equal to or K* = K . 

Rg. 8 shows a second differential amplifier circuit. 
5 In Rg. 8. N-channel MOS transistors M 1* and M2* compose a first differential pair which is driven by a constant cur- 

rent source 1 1 whose current value is Iq. N-channel MOS transistors M3* and M4' compose a second differential pair 
which is driven by a constant current source 12 whose current value is Iq. 

A ratio (W/L) of a gate-width W and a gate-length L of the transistor MV is equal to that of the transistor M2'. and a 
ratio (W/L) of the transistor M3* is equal to that of the transistor M4'. 
10 N-channel MOS transistors M5' and M6* compose a third differential pair which is driven by a constant current 
source 13 whose current value is alo where a ^ 1. A ratio (W/L) of a gate-width W and a gate-length L of the transistor 
M5' is equal to that of the transistor M6' and is b times as much as that of the transistor MV where b =^ 1 . 

As shown in Fig. 8, the transconductance parameters of the transistors Ml ' to M4' are equal to each other to be p, 
and those of the transistors M5* and M6* are b times as much as those of the transistors Ml * to M4\ or bp. 
IS Gates of the transistors Ml* and M5' are coupled together and gates of the transistors M4* and M6* are coupled 
together to form differential input ends. An input voltage Vjp is applied to the differential input ends thus formed. 

Drains of the transistors MV, M3* and M6' are coupled together and drains of the transistors M2\ M4' and M5' are 
coupled together to form differential output ends. 

A first DC voltage is applied across the gates of the transistors Ml ' and M3' by a first DC voltage source 1 4, and 
20 a second DC voltage whose value is equal to that of the first DC voltage, or V^. is applied across the gates of the tran- 
sistors M2' and M4' by a second DC voltage source 1 5. 

The polarity of the first DC voltage Vk is made so that the voltage is high at the side of the transistor M3* and low 
at the side of the transistor Ml The polarity of the second DC voltage Vk is made so that the voltage is high at the side 
of the transistor M2* and low at the side of the transistor M4'. 
25 Thus, in the first and second differential pairs, the DC voltages Vk are applied as offset biases across the gates of 
the transistors M 1 ' and MS' whose output ends are coupled together and the gates of the transistors M2' and M4' whose 
output ends are coupled together respectively 

Next, the operation of the differential amplifier circuit is shown below. 

The differential output current Al^ of the first differential pair is given as the following expressions (36-1 ). (36-2) and 
30 (36-3). the differential output current AI2 of the second differential pair is given as the following expressions (37-1 ), (37- 
2) and (37-3). and the differential output current AI3 of the third differental pair is given as the following expressions (38- 
1). (38-2) and (38-3). 
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A/i = P (V^,>, + V,) 7(2/o/p)-(V,„+ {\V,-^ + V^\ ^ 77^) (36-1) 

^^ = /o(\^/n+^/c^7VP) (36-2) 

^/l=-/o(^/n+ ^/c^■^/VP) (36-3) 

A/2 = P (\/,„ - V,) 7(2/o/P)-{^/n- (l^/n - ^/cl ^ JVP) (37-1) 

A/2 = /o(^/n-^/f^7yP) (37-2) 

^'2 = - ( ^/n ■ ^/f ^ ■ TVP) (37-3) 



A/3 = bpvJ{2alo)/{bp)-vf^ {\V^„\ ^ J(alo)/{bp)) (38-1) 



A/3 = fo ( ^/n ^ JWm)) (38-2) 



5^ A/3 = ./o (\//„ ^ - JiafoVW)) (38-3) 

The differential output current of the differential amplifier circuit shown in Fig. 8 is given as the following expression 
(39). 

Al = AI1 + AI2 -AI3 (39) 

Differentiation of the differentieil output current Al by the input voltage Vjn leads to the transconductance of the dif- 
ferential amplifier circuit as shown in the following expressions (40). 
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d(AO/dV ,^ = {d(AI i)/dV -J + {d(Al 2)/dV j„} - {d(Al 3)/dViJ (40) 

Fig. 9 shows the transconductance characteristics thus obtained in which V ^ = (1/2)(l q/P) and ab = 0.364333. 
It is seen from Fig. 9 that the transconductance fluctuation is restricted to 3 % or less in the input voltage range of 
5 0.7(lo/p)^^^^|Vin|, similar to the prior art. 

The sum of the driving currents of the this embodiment is (2 + a)lo which is larger than that of (1 + a)lo of the prior- 
art differential amplifier circuit shown in Fig. 1 . However, the differential output current of the this embodiment is (2 - a)lo 
which is also larger than that of (1 - a)lo of the circuit shown in Fig. 1 . Therefore, the current efficiency of this embodi- 
ment is {(2 - a)/(2 + a)} which is larger than that of {(1 - a)/{1 + a)} of the circuit in Rg. 1 , 
10 For example, when a = 0.364, b = 1 , the current efficiency of this embodiment is 0.692, and that of the prior-art cir- 
cuit in Fig. 1 is 0.3423. This means that the current efficiency can be increased to about 2 times in current efficiency as 
much as the prior art in this embodiment. 

As described above, the embodiment has the higher current efficiency than the first described embodiment 
together with the transconductance linearity similar to the prior art. 
15 Fig. 10 shows a third differential amplifier circuit. 

In Rg. 10. N-channel MOS transistors Ml" and M2" compose a first differential pair which is driven by a constant 
current source 21 whose current value is Iq. A ratio (W/L) of a gate-width W and a gate-length L of the transistor M2" is 
K times as much as that of the transistor Ml " where K ^1 . 

N-channel MOS transistors M3*' and M4" compose a second differential pair which is driven by a constant current 
20 source 22 whose current value is Iq. A ratio (W/L) of the transistor M4" is K times as much as that of the transistor M3", 
As shown in Fig. 10, the transconductance parameters of the transistors Ml" and M3" are equal to each other to 
be p, and those of the transistors M2" and M4" are Kp. 

Gates of the transistors Ml" and M4" are coupled together and gates of the transistors M2" and M3" are coupled 
together to form differential input ends. An input voltage N/jp is applied to the differential input ends thus formed. 
25 Drains of the transistors Ml" and M3" are coupled together and drains of the transistors M2" and M4" are coupled 

together to form differential output ends. 

In the embodiment, said relative ratio K is set as 9.5. which is based on the following reason. 
When all the transistors Ml" to M4" are operating in their saturation regions, drain currents 1^1. Ice- 'da and Id4 of 
these transistors are respectively expressed as the following equations (41-1). (41-2), (41-3) and (41-4), where VGst » 
30 Vgs2. Vgs3 and Vqsa are gate-to-source voltages of these transistors, respectively and Vjh ^ the threshold voltage 
thereof. 

ld1=P<VQS1-VTH)' (*■'-■') 
35 ld2 = Kp(V 

GS2 ' ^Th) 

(41-2) 

'd3 = Kp(VGS3-VTH)^ (*1-3) 



40 



Here, 1^, + ld2 = 'd3 + 'd4 = 'o ^nd V - V = V 334 - V 353 = V are established, so that the difference (Idi 
- Id2) ^ the drain currents \a^ and Ids >s given as the following expressions (42-1), (42-2) and (42-3) and the difference 
(Id3 - Id4) the drain currents l^a and 1^4 is given as the following expressions (43-1), (43-2) and (43-3), respectively. 



4S 
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^ ^V^[^lym>j{ lMl/iO}(Io/P)-t^ (42-1) 

{l+(l/iOP 



- 'd? = 'o ( ^in ^ Jl^iM) (42-2) 
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IdS^-lo^^in^-Jl^) (42-3) 



{i-d/iQ} [{iM i/^}io-2py^j 

^ ' {iMl/iO }^ 



10 



15 



20 



^ pK^(4/v/^V{iMi/ii:)}(Jo/P)-vf^ 

(-Vl7W^^i.^/^F) (43-1) 

^TVP) (43-2) 
/tf3 - fd4 = (^/n ^ -JT^HW)) (43-3) 



Accordingly, the differential output current of the differential amplifier circuit Al is given as the following expressions 
(44-1). (44-2) and (44-3), respectively. Then, differentiation of the differential output current Al by the input voltage 
leads to the transconductance of the differential amplifier circuit as shown in the following expressions (45-1), (45-2) 
and (45-3), respectively. 

25 

^f-ifdl^fd3)'U^^I^) (44-1) 
30 =(ldl'^ci2) + U^'l^4) 
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SO 



. 2{l-{l/k)Hvi 

SgniV^^) (44_2) 



A/-2/0 sgn{VJ{\VJ^JT^) (44-3) 
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a ^in U+l) <f\TK 

ii/({lMl/it)}(i-o/P)] ,(45-1) 



10 



,/iMi^„/<i*(i/A)}(VP)i 



20 



25 



^4^- [Vi-[vL/{iMi/^}(VP)] 

_ P^,/[{lMl/iO}(Jo/P)] J 

4{i-(i/i0}pt^i, 



30 



{i+(i/JOH 

(yi7Wr^|7,j<;i7P) 

= 0(|\/,„|^y77P) (45-3) 



35 When K = 9.5 is set in the expressions (45-1), (45-2) and (45-3). the transconductance curve of this embodiment 
has a ripple at each side and the best linearity of the transconductance can be obtained. 

In the paper which discloses the prior-art differential amplifier circuit shown in Fig. 3, K is required to be set as 10 
or more. However, it was found that this description is not correct and K = 9.5 is the best. Figs. 1 1 and 1 2 show the out- 
put characteristics and the transconductance characteristics, respectively. 
40 It is seen from Fig. 1 2 that the transconductance fluctuation is restricted to -1 5 % or less in the input voltage range 
of |Vin|^0.85Vu. where V ^ = (I q/P) - This means that the input voltage range which gives the tr^sconductance hav- 
ing comparatively good linearity can be made wide suffidently. 

In a balanced differential pair formed of two transistors whose ratios (WA.) are equal to each other, in general, the 
transconductance fluctuation is about -30 % in the input voltage range of IVjnl^V^. Accordingly, it is seen that the 
45 transconductance linearity can be improved to 2 times as much as that of the circuit employing the balanced differential 
pairs by narrowing its input voltage range by about 1 5 %. 

The condition of K = 9.5 can be realized with small gate sizes, or with restricting the transistor sizes, by the following 
method. 

Similar to the prior-art differential amplifier circuit shown in Fig. 3, in the case that the gate-lengths of two MOS tran- 
so sistors forming an unbalanced differential pair are the same with each other and the gate-width of one of the transistor 
is K times as much as that of the other thereof, the sum Sq of the gate areas of the two transistors is given as the fol- 
lowing expression (46), where Sqi and Sg2 a^e Qate areas and and L2. and W2 are gate-lengths and gate-widths 
of these transistors, respectively. 

55 Sg=Sgt + Sg2 = LiW,(1 +K) (46) 

Contrary, in this embodiment, the ratios of the gate-length and gate-width of the transistors are defined as the fol- 
lowing expressions (47-1) and (47-2), respectively considering the relative ratio of (W/L) is K. 
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W^/Li =(1/K) (47-1) 
W2/L2 = K^'^ (47-2) 

5 Next, the minimum of the sum Sq of the gate areas Sqi and Sg2. which is given as the following expression (48). 

Is obtained. 

Sq = Sgi +Sg2 = LiWi +L2W2 (48) 

10 For example, in the case that the minimums of and Wi are both 3jim. Sq = 94.5 ^m^ from the expression (46) 
of the prior art and Sq = 55.5 ^m^ from the expression (48) of this embodiment. This means that the sum of the gate 
areas in the embodiment can be reduced by 58.7%, which is equivalent to K = 5.2 in the prior art. As described above, 
K - 10 or more in the prior art as a result, it is seen that the transistor size can be reduced in the embodiment. 

MOS transistors have comparatively large fabrication deviation, in general, so that the value of K deviates from the 

15 Standard when K = 9.5. In other words, even if the value of K is set as 9.5, the value deviates from 9.5 to 9 or 10. The 
transconductance curves of K = 9.5, 9 and 10 are shown in Fig. 12. in which a cun/e of K = 9.5 is indicated by a solid 
line, that of K 9 by a broken line and that of K = 10 by a chain line. However, since both transistors are used as a pair, 
variation of their characteristics can be restricted if both transistors made matched. 

As described above, the sizes of the transistors M2" and M4" each having the larger ratio (W/L) of each differential 

20 pair can be restricted to several times as much as those of the transistors Ml " and M3" having the smaller ratios (W/L) 
thereof. As a result, the circuit scale can be reduced. In addition, a transconductance with comparatively good linearity 
can be obtained in a wider input voltage range. 

[First Embodiment] 

25 

Rg. 13 shows a differential amplifier circuit of a first embodiment, which is equivalent to that of the prior art shown 
in Fig. 4 in which a differential pair of transistors Q5 and Q6 driven by a constant current alo is provided additionally. 

In Fig. 13, NPN transistors Ql and Q2 compose a first differential pair which is driven by a constant current source 
31 whose current value is Iq. NPN transistors Q3 and Q4 compose a second differential pair which is driven by a con- 
30 stant current source 32 whose current vaJue is Iq. NPN transistors Q5 and Q6 compose a third differential pair which is 
driven by a constant current source 33 whose current value is alo, where a ^ 1 . 

Bases of the transistors Ql and Q5 are coupled together and bases of the transistors Q4 and Q6 are coupled 
together to form differential input ends. An input voltage Vjn is applied to the differential input ends thus formed. 

collectors of the transistors Q1 , Q3 and Q5 are coupled together and collectors of the transistors Q2', Q4* and Q6' 
35 are coupled together to form differential output ends. 

A first DC voltage Vk is applied across the bases of the transistors Ql and Q3 by a first DC voltage source 34. and 
a second DC voltage whose value is equal to that of the first DC voltage, or Vk, is applied across the bases of the tran- 
sistors Q2 and Q4 by a second DC voltage source 15. 

The polarity of the first DC voltage is made so that the voltage is high at the side of the transistor Q3 and low at 
40 the side of the transistor Q1 . The polarity of the second DC voltage Vk is made so that the voltage is high at the side of 
the transistor Q2 agd low at the side of the transistor Q4. 

Thus, in the first and second differential pairs, the DC voltages Vk are applied as offset biases across the bases of 
the transistors Ql and Q3 whose output ends are coupled together and the bases of the transistors Q2 and Q4 whose 
output ends are coupled together, respectively. 
45 Next, the operation of the differential amplifier circuit is shown below. 

The operations of the first differential pair of the transistors Ql and Q2 and the second differential pars of the tran- 
sistors Q3 and Q4 are the same as those in the prior art shown in Fig. 4 which are shown by the equations (17) to (25). 
Therefore, for the sake of simplificaton of description, only the operation of the third differential pair of the transistors 
Q5 and 06 is described here. 

50 The difference AI3 of collector currents l^s and log of the transistors Q5 and 06 is given as the following expression 
(49) and its transconductance 0^3 is given as the following expression (50). 

A'3 = lc5->C6 = «Falo tanh{ V .J{2\/ j)] (49) 

S5 = d(Al3)/dVi„ = {(ap alo)/(2VT)} • [1/{cosh^(Vi„/2VT)}] (50) 

Therefore, the differental output current Al of the differential amplifier circuit of the fourth ennbodiment shown in Fig. 
1 3 is given as the following expression (51 ), and then its transconductance is given as the following expression (52). 
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Al = Al 1 + Ala + AI3 = ap lo Itanh{(Vin-VK)/2VT)} + tanh{(Vi„ + Vk)/2Vx)} + a • tanh(Vi„/2VT.)] (51) 



' V. - V V. + V 



[ 



2Vj. 2Vj. (52) 



coshM— ) 



Fig. 14 shows the transconductance characteristics thus obtained in which Vj^ - 2.634 Vj and (1/a) = (4/3). it is 
seen from Fig. 14 that the transconductance curve shows a ripple of ±1 % or less at its each side is obtained and its 
20 fluctuation is limited to -1 % or less in the input voltage range of |Vjnl^.4 Vy. 

Fig. 15 shows the transconductance characteristics in which = 2.06344 Vj and (1/a) = 1.5625. It is seen from 
Fig. 1 5 that the transconductance curve having a maximally flat is obtained and its fluctuation is limited to -1 % or less 
in the input voltage range of IVj^l^LS Vj. 

Thus, the transconductance linearity of the differential amplifier circuit of the first embodiment can be improved over 
25 the prior art and as a result, the input voltage range can be enlarged. 

In addition, since each differential pair may be composed of two minimum unit transistors, its high-frequency char- 
acteristics can be improved. 



[Second Embodiment] 



Fig. 16 shows a differential amplifier circuit of a second embodiment, which is equivalent to that of two of the prior- 
art circuit shown in Fig. 4 are arranged together transversely. 

In Fig. 1 6, NPN transistors Q1 ' and Q2' compose a first differential pair which is driven by a constant current source 
41 whose current value is Iq. NPN transistors Q3* and Q4' compose a second differential pair which is driven by a con- 
35 stant current source 42 whose current value is Iq. 

NPN transistors 05* and Q6' compose a third differential pair which is driven by a constant current source 43 whose 
current value is alo where a ^ 1 . NPN transistors Q7' and Q8' compose a fourth differential pair which is driven by a con- 
stant current source 44 whose current value is alQ. 

Bases of the transistors Q1 ' and Q5' are coupled together and bases of the transistors Q4' and Qd' are coupled 
40 together to form differential input ends. An input voltage Vjp is applied aaoss the differential input ends thus formed. 

Collectors of the transistors QV, Q3\ Q5' and Q7' are coupled together and collectors of the transistors Q2\ Q4' 
Q6' and Q8' are coupled together to form differential output ends. 

A first DC voltage Vki is applied across the bases of the transistors Q1 ' and Q3' by a first DC voltage source 45. a 
second DC voltage whose value is equal to that of the first DC voltage, or V^i. is applied across the bases of the tran- 
45 sistors Q2* and Q4' by a second DC voltage source 46. A third DC voltage \/^ is applied across the bases of the tran- 
sistors Q5' and Q7' by a third DC voltage source 47. a fourth DC voltage whose value is equal to that of the third DC 
voltage, or Vk2. is applied across the bases of the transistors Q6' and Q& by a fourth DC voltage source 48. 

The polarity of the first DC voltage Vki 'S iTiade so that the voltage is high at the side of the transistor Q3* and low 
at the side of the transistor QV. The polarity of the second DC voltage V^i is made so that the voltage is high at the 
50 side of the transistor Q2' and low at the side of the transistor Q4'. The polarity of the third DC voltage V^a is made so 
that the voltage is high at the side of the transistor Q7' and low at the side of the transistor Q5'. The polarity of the fourth 
DC voltage V^a is made so that the voltage is high at the side of the transistor Q6* and low at the side of the transistor 
Q8\ 

Thus, in the first and second differential pairs, the first and second DC voltages Vki are applied as offset biases 
55 across the bases of the transistors Q1 ' and Q3' whose output ends are coupled together and the bases of the transis- 
tors Q2' and Q4' whose output ends are coupled together, respectively. Similarly, in the third and fourth differential pairs, 
the third and fourth DC voltages Vk2 are applied as offset biases across the bases of the transistors Q5' and QT whose 
output ends are coupled together and the bases of the transistors Q6' and Q8' whose output ends are coupled together, 
respectively. 
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Next, the operation of the differential annplif ier circuit is shown below. 

The current differences Al^, AI2, AI3 and AI4 of the first to fourth differential pairs are given as the following expres- 
sions (53-1), (53-2). (53-3) and (53-4). respectively. 

All = Id -"02 = «F lo tanh{(Vi„-VK,)/(2V-r)} (53-1) 

AI2 = Ic3 - 'c4 = «F lo tanh{(Vi„+VKi)/2VT)} (53-2) 

Al 3 = I C5 ■ I C6 = a« F 1 0 tanh{(V ^^-V ^)/2V j)] (53-3) 

Al 4 = I C7 - 1 08 = act p 1 0 tanh{(V ,^+\f ^^)/2V y)} (53-4) 

Therefore, the differential output current Al is given as the foltowing expression (54), and then it transconductance 
is given as the following expression (55). 

Al = A/^ + A/g + A/3 + A/4 (54) 
= a p /o [ tanh ( '^v/^ ( 2Vr ^ + a { tanh (^^y^) + tanh ( 2^/^ )« 
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23 ^ml ^m2 m3 



dVin 



[ 



Mo. 

27 ' V. - V V. V 

cOShM "■3/" ) COStf( '^"^/" ) (55, 

] 



V - V V. + V 

cosh2 ( — ) cosh2 ( -i5 ^) 

Fig. 17 shows the transconductance characteristics thus obtained in which V^i = 1.2 Vy, = 3.834 Vj anti a = 
40 1 .3 in the expression (54). It is seen from Rg. 1 7 that the transconductance fluctuation is limited to -1 % or less in the 
input voltage range of |Vin|^.5 Vj. 

Rg. 1 8 shows the transconductance characteristics in which Vik = 0.7081 4 V-p. Vk2 = 2,59546 Vj and a = 1 .82532. 
It is seen from Fig. 18 that the transconductance curve having a maximally flat is obtained and its fluctuation is limited 
to -1 % or less in the input voltage range of |Vjn|^1 .9 Vj. 
45 Thus, similar to the first embodiment, the transconductance linearity of the differential amplifier circuit of the second 
embodiment can he improved over the prior art and as a result, the input voltage range can be enlarged. 

In addition, since each differential pair may be composed of two minimum unit transistors, its high-frequency char- 
acteristics can be improved. 

50 Claims 

1 . A differential amplifier circuit comprising: 

a first differential pair formed of first and second transistors (Ql . Q2), which is driven by a first constant current 
55 source (31); 

a second differential pair formed of third and fourth transistors (03. Q4). which is driven by a second constant 
current source (32) whose current value is equal to that of said first constant current source (31); 
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a third differential pair formed of frfth and sixth transistors (Q5. Q6). which is driven by a third constant current 
source (33) whose current value is different from those of said first and second constant current sources (31 . 
32); 

bases of said first and fifth transistors (Q1 , Q5) being coupled together and bases of said fourth and sixth tran- 
sistors (Q4. Q6) being coupled together to form differential input ends: and 

collectors of said first, third and fifth transistors (Q1 , Q3, Q5) being coupled together and collectors of said sec- 
ond, fourth and sixth transistors (Q2, Q4, Q6) being coupled together to form differential output ends; 

wherein a first DC voltage (34) is applied across said bases of said first and third transistors (Q1 . Q3) and a 
second DC voltage (35) is applied across said bases of said second and fourth transistors (Q2, Q4); and 

a polarity of said first DC voltage (34) with respect to said base of said first transistor (Q1) is the same as that 
of said second DC voltage (35) with respect to said base of said fourth transistor (Q4). 

A differential amplifier circuit as claimed in claim 1 . wherein values of said first and second DC voltages (34. 35) are 
both 2.634 Vj where Vj is the thermal voltage defined as Vy = {k^T/q) where Kg is Boltzmann's constant. T is 
absolute temperature and q is the charge of an electron; and 

values of said first and second constant current sources (31. 32} are both (4/3) times as much as that of said 
third constant current source (33). 

A differential amplifier circuit as claimed in claim 1 , wherein values of said first and second DC voltages (34. 35) are 
both 2.06344 Vj. where Vy is the thermal voltage defined as Vy = (kgT/q) where Kg is Boltzmann's constant T is 
absolute temperature and q is the charge of an electron: 

and values of said first and second constant current sources (31 , 32) are both 1 .5625 times as much as that of 
said third constant current source (33). 

A differential amplifier circuit comprising: 

a first differential pair formed of first and second transistors (Q1 \ Q2'), which is driven by a first constant current 
source (41); 

a second differential pair formed of third and fourth transistors (Q3', Q4'), which is driven by a second constant 
current source (42) whose current value is equal to that of said first constant current source (41); 

a third differential pair formed of fifth and sixth transistors (Q5', Q6*), which is driven by a third constant cunent 
source (43) whose current value is different from those of said first and second constant current sources (41 . 
42); 

a fourth differential pair formed of seventh and eighth transistors (Q7, Q8'), which is driven by a fourth constant 
current source (44) whose current value is different from those of said first and second constant current 
sources (41, 42); 

bases of said first and fifth transistors (QV. Q5') being coupled together and bases of said fourth and eighth 
transistors (Q4'. Q8') being coupled together to form differential input ends; 

and collectors of said first, third, fifth ard seventh transistors (QV, Q3\ Q5', Q7') being coupled together and 
collectors of said second, fourth, sixth and eighth transistors (Q2'. Q4\ Q6'. Q8') being coupled together to form 
differential output ends; 

wherein a first DC voltage (45) is applied across said bases of said first and third transistors (QV, Q3'). a sec- 
ond DC voltage (46) is applied across said bases of said second and fourth transistors (Q2', Q4*). a third DC 
voltage (47) is applied across said bases of said fifth and seventh transistors (Q5\ Q7'). and a fourth DC volt- 
age (48) is applied across said bases of said sixth and eighth transistors (Q6', Q8'); and 

a polarity of said first DC voltage (45) with respect to said base of said first transistor (Q1 ') is the same as that 
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of said second DC voltage (46) with respect to said base of said fourth transistor (Q4*)» and a polarity of said 
third DC voltage (47) with respect to said base of said fifth transistor [Q5') is the same as that of said fourth DC 
voltage (48) with respect to said base of said eighth transistor (Q8'). 

5 5. A differential amplifier circuit as claimed in claim 4, wherein values of said first and second DC voltages (45. 46) are 
both 1 .2 Vy and those of said third and fourth DC voltages (47. 48) are both 3.834 Wj where Vj is the thermal volt- 
age defined as Vy = (kgJ/q) where K5 is Boltzmann's constant. T is at^lute temperature and q is the charge of 
an electron; and 

10 values of said third and fourth constant current sources (43. 44) are both 1 .3 times as much as those of said 

first and second constant current sources (41 , 42). 

6. A differential amplifier circuit as claimed in claim 5, wherein values of said first and second DC voltages (45, 46) are 
both 0.70814 Vy and those of said third and fourth DC voltages (47, 48) are both 2.59546 Vy, where Vy is the ther- 
15 mal voltage defined as V y = (k qT/q) where Kq is Boltzmann's constant. T is absolute tenrperature and q is the 
charge of an electron; and 

values of said third and fourth constant current sources (43. 44) are both 1 .82532 times as much as those of 
said first and second constant current sources (41 , 42). 
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